Abstract. The enhancement of self and probe diffusivity over the StokesEinstein values by orders of magnitude is observed in the viscous regime of polymers, molecular glass-formers and supercooled metallic systems. We investigate an alternative to identifying enhanced diffusivity with the fast components of the primary structural relaxation process: high translational mobility is being associated with cooperative dynamics in string-like topologies, which is responsible for fast diffusive particle motion and the slow secondary β-relaxation observed below the dynamic crossover temperature in fragile glassformers. This approach provides a unifying view of diffusivity across the different classes of glass-forming materials.
Introduction
The transition from the liquid to the solid state of a material can proceed in two very different ways: by a phase transition into the ordered crystalline structure or by a kinetic transition, where the structure remains amorphous but its relaxation demands more time than the experimental window of observation [1] . Materials for which the latter route to a rigid structure is possible are called glass-formers and the solidification occurs at the glass transition temperature T g , whose value depends on the cooling rate or time scale on which the relaxation behaviour is interrogated. In order to circumvent the ambiguity inherent in the definition of T g , thresholds such as a relaxation time of τ g = 100 s or a viscosity of η g = 10 13 Poise are commonly used [2, 3] . Examples for naturally occurring amorphous solids are obsidian, biological polymers such as silk or amber, and a number of carbohydrate polymers and gels in our food products. Glasses (SiO 2 ) have been used for thousands of years and numerous amorphous compounds are gaining importance as optical fibres, polymeric coatings and photoresists, or pharmaceuticals. Along with the different technological applications, the chemical composition of glass-forming materials of interest now ranges from inorganic network glasses, molecular and polymeric glassformers, ionic liquids and non-crystalline metallic alloys. Accordingly, the chemistry and relevant interactions differ tremendously and it is amazing to observe that these disordered systems display a number of common features.
One of the most characteristic properties observed in practically all glass-forming systems is the deviation from an exponential relaxation pattern, commonly observed as a correlation function following the Kohlrausch-Williams-Watts (KWW) decay law [4, 5] ϕ(t) = exp −(t/τ) β ,
where τ quantifies a relaxation time scale and 0 < β 1 gauges the extent of dispersion or deviation from a single time constant. The temperature dependence of the time constant, τ(T ), as well as the viscosity, η(T ), usually display super-Arrhenius type variations [6] . Instead of simple activated behaviour, a Vogel-Fulcher-Tammann (VFT) like dependence is generally found [7] log 10 (τ/s) = A + B/(T − T 0 ),
where A, B and T 0 , are material specific but temperature invariant parameters. A standard tool for quantifying these deviations from the Arrhenius law is based upon the concept of fragility [8] 
where the steepness index m determines how the temperature changes the relaxation time from τ g = 10 2 s at T g to phonon frequencies at 10 −14 s in the limit of T → ∞ [9, 10] . The strong limit recovers the Arrhenius behaviour at a slope m = 16, whereas extremely fragile materials can display values as high as m = 200.
Metallic alloys are known to form glasses if cooled sufficiently rapidly. In contrast to molecular glass formers, however, metallic liquids and glasses will be subjected to inevitable concentration fluctuations and possibly show chemical ordering [11] . More recent advances towards bulk metallic glasses have lead to metallic liquids which resist crystallization even at moderate cooling rates and thus provides more insight into the viscous regime of alloys, T g T T x , where T x denotes the crystallization temperature [12] . This extends the number of properties that can be compared with molecular, ionic and polymeric glass formers, where numerous compounds exist for which crystallization is not a limiting factor. The consequences of disorder found in metallic systems which are equally observed in other glass forming materials are: common wide range of fragilities with many materials between m = 40 and m = 120 [13] , including the correlation of fragility m with the stretching exponent β [14] and with the Poisson ratio ν [15, 16] see also [17, 18] .A VFT like dependence of viscosity or other transport coefficients on temperature in the equilibrium regime with T > T g [19] and a transition to Arrhenius behaviour in the glassy state below T g [20] . In the more fluid regime, so-called 'fast β-processes' are observed and the dynamics above a critical temperature T c are reminiscent of the predictions derived from the idealized mode-coupling theory (MCT) [21, 22] , with the value of T c relative to T g being universal, T c ≈ 1.2T g (the cooling rate dependence of T g is too small to affect the above approximation). Metallic systems display simple hydrodynamic behaviour (uncorrelated binary collisions) above the liquidus temperature, T > T liq , with T liq ≈ 1.5T g [21] . This might be the equivalent of the temperature T A found many in molecular systems, above which the temperature dependence is truly Arrhenius, with a typical value being T A ≈ 1.45T g [23] . The structural or α-relaxation is asymmetrically broadened and approximated by KWW decays with typical exponents β ranging from 0.5 to 0.8 [24] . Time-temperature-superposition (TTS) in the viscous regime is not always observed [25] . Towards higher frequencies, the susceptibility remains above the extrapolated power law of the KWW profile, indicative of a so-called high frequency wing or secondary (β-) relaxation [26, 27] , with the visibility of the effect depending on fragility [28] . Towards even higher frequencies or (equivalently) lower temperatures, the susceptibility enters the near-constant-loss (NCL) regime [26, 29] . The heat capacity associated with the slow degrees of freedom amounts to approximately half of the total steady state value [30] . A further common feature of metallic and molecular or polymeric glass-formers is the existence of enhanced diffusivity (of molecular probes in the case of polymers) or the decoupling of translational diffusion from the viscous flow, equivalent to the failure of the Stokes-Einstein (SE) law in the viscous regime. The following will focus on comparing the diffusion processes between T g and T c for metallic and molecular systems and finding a unifying view of diffusion for the different classes of glass-formers.
Enhanced diffusion in molecular liquids
The SE equation establishes a connection between the translational diffusion D and the viscosity η of the medium [31] 
provided that the diffusing (Brownian) particle (with 'stick' boundary conditions) is large compared with the structural length scales of the liquid. Although molecular self-diffusion does not meet the requirements leading to equation (4) , the SE relation has been observed to hold in molecular liquids at sufficiently high temperatures, whereas deviations occur below the dynamic crossover temperature T c [32, 33] . The basic observation is that the quantity Dη/T is consistent with the molecular radius for T > T c but temperature dependent if considered across a larger range of lower temperatures. Occasionally the diffusivity D has been compared with a rotational time scale τ R instead of using the viscosity η as reference. In this case, the combination of the SE and the Debye-SE (DSE) [34] relations predict a temperature invariant quantity Dτ R
which depends only on the particle radius r and the rank l of the projection of the rotation experiment (e.g., l = 1 for dielectric relaxation, l = 2 for nuclear magnetic resonance and optical anisotropy experiments). The finding of a temperature dependent value for Dτ R has led to the term 'translation-rotation decoupling'. Based upon the root-mean-squared (rms) displacement, σ = √ 6Dt, hydrodynamic equations predict the length scales σ 1 = 2r and σ 2 = 1.15r for the diffusive rms displacement within one rotational time constant for l = 1 and l = 2, respectively. Statistically, this states that the probability is 68% that a particle will not have moved beyond the range of σ.
The above mentioned increase of Dτ R or Dη/T near T c ≈ 1.2 T g amounts to factors of around 2-3 over the higher temperature values or SE-DSE quantities. At lower temperatures, T g < T < T c , the value of Dη/T increases gradually towards a factor in excess of 300 over the SE value, where D is determined in the diffusive limit [35] - [38] . This behaviour is shown for o-terphenyl (OTP) in figure 1. The temperature variation of Dη/T is often cast into the so-called fractional SE relation, D ∝ η ξ , with ξ assuming values near 0.75. The enhancement factors are more pronounced for materials with high fragilities. The stability of supercooled liquids is also affected because the crystal growth rate correlates with the self diffusion coefficient [39] . In the case of diffusion experiments based on molecular probes, already somewhat larger probes (relative to the liquid constituents, e.g., rubrene in OTP [35] ) restore the SE behaviour [35, 40, 41] .
For ααβ-tris-naphthyl-benzene (TNB) as an example [37] , Dτ R is 3 × 10 −20 m 2 at temperatures T > T c , i.e., 68% of particles have not moved more than σ = √ 6Dτ R = 0.42 nm away from origin during one structural relaxation (l = 2) time constant, where σ is comparable the hydrodynamic radius r = 0.37 nm. Regarding the increase of Dη/T by a factor of 300 near T g , it appears unrealistic to assume that a particle moves a distance many times its diameter while retaining its initial orientation.
Initial models aimed at solving this translation-rotation paradox invoked the occasional appearance of 'fluidized' domains [42] , or the selective sampling of diffusion across dynamically distinct domains which were assumed to disappear above T c [43] . Irrespective of the particular picture, dynamic heterogeneity has been made responsible for the decoupling of translational diffusion, with D probing the faster ( τ −1 ) and η or τ probing the slower ( τ ) moments of the highly dispersive and heterogeneous relaxation time distribution [44] - [46] . Consistent with the experimental evidence, more fragile liquids with more dispersive dynamics (lower KWW β) would be associated with a larger separation of slow and fast modes. It is then assumed that the temperature dependence of Dη/T reflects the disappearance of the relaxation time dispersion (β → 1) as the temperature is increased towards T c . However, dielectric relaxation results show that Dη/T changes for those systems which follow TTS, i.e., where the dispersion of the α-relaxation remains unchanged in the entire T g . . . T c range [47] - [49] . This apparent contradiction prohibited a more quantitative assessment of how heterogeneous dynamics are responsible for the enhanced diffusivity. An exception to this notion is the coupling model, which offers an alternative explanation of enhanced diffusion that does not rely on heterogeneity and is consistent with TTS [40] .
Enhanced diffusion in metallic liquids
Regarding metallic materials, a clear documentation of enhanced diffusivity in the T g T T c range is limited to alloys with reduced crystallization tendency [21, 50] . Candidates for such studies are the bulk metallic glass-formers Zr 41 (PdNi) . According to a compilation by Qin et al [13] the fragilities of these systems are: m = 50 for Vit1, m = 44 for Vit4, m = 65 for PdCu, and m = 51 for PdNi. For these glassformers, a VFT law is required to capture the viscosity η(T ) in the entire T g . . . T liq range, but an Arrhenius dependence for the viscous regime T g . . . T c is a better approximation than is the case for molecular materials of similar intermediate fragility [51] - [53] . For the two Vitreloy cases, probe diffusion times, τ = σ 2 /6D, follow the viscosity times τ = η/G ∞ in the equilibrium regime T > T g [54] . For the more fragile PdCu system, a clear decoupling of D(T ) from η(T ) and violation of the SE relation is observed, as shown in figure 2 . Although the diffusion constants of figure 2 refer to the tracer 57 Co, the values are in excellent agreement with 'self'-diffusivities obtained from inelastic neutron scattering on PdCu [53] . Very similar to the molecular counterparts, a fractional SE relation with power ξ = 0.74 is consistent with the measurements, and the extrapolated onset of this decoupling is near T c . Simulation studies The diffusivity of 57 Co in Pd 43 Cu 27 Ni 10 P 20 is shown as red symbols, data are taken from Mavila Chathoth [53] . The viscosity is represented by blue symbols (with black solid guide) after converting η to D ∝ T/η using the SE relation with a Stokes radius of r SE = 0.115 nm for 57 Co. The higher temperature η(T ) data are for Pd 40 Cu 30 Ni 10 P 20 [51] , the lower temperature results are for Pd 43 Cu 27 Ni 10 P 20 [52] of metallic liquids [20] and glasses [55] - [57] suggest that the cooperative motion of atoms in string-like topologies are responsible for the deviations from SE behaviour.
Another observation where the mobility is faster than expected on the basis of viscosity concerns the pronounced aging of freshly quenched samples far below the glass transition [58] . In various experiments it has been observed that the mechanical modulus is reduced significantly and irreversibly by aging at temperatures at which macroscopic structural relaxation does not occur. Separate loss peaks in the glassy state such as those observed as Johari-Goldstein (JG) relaxation in molecular systems have not been identified in amorphous alloys. Note that rotational motion of atomic particles in metallic systems is not observable.
Discussion
Based on the similar decoupling phenomenology for metallic and molecular systems, it is appealing to find a common explanation for the deviations of self-diffusivity from SE behaviour in the viscous regime. In order to be consistent with all above findings, the process governing diffusion would have to separate from the structural relaxation or viscous flow around T c , with the decoupling becoming more pronounced as T g is approached and significant near T g only for materials with high fragility. These required features are reminiscent of the JG secondary or β-relaxation, which is observed as a clearly distinct peak only in fragile systems below T g . In what follows, the appealing idea of identifying the JG process [59] with rapid translational and perhaps cooperative string-like motion will be assessed.
The initial idea of diffusivity selectively probing the fastest modes in a heterogeneous system [42] need not be limited to what is usually identified with the primary or α-relaxation. The faster processes such as the wing-phenomenon, the slow (JG) β-relaxation, and the NCL feature all contribute to decreasing the same correlation function that relates to structural relaxation. Therefore, viewing these faster components as separate or even statistically independent processes is misleading and may obscure their importance for fast translational motion, as already pointed out [29, 60, 61] . String-like mobility has been reported for simulations of metallic systems [20, 56] and binary Lennard-Jones liquids (limited to T T c ) [62] , observed in colloidal glass-formers [63, 64] , and suggested for supercooled liquids on the basis of the random firstorder transition (RFOT) theory [65] . As a result, there are numerous indications of string-like heterogeneous motion for temperatures near T c and above for different glass-forming systems and even below T c for metallic materials. We assume that this motion could be sufficient for relaxing the structure in the T > T c regime, where the length scale of cooperativity is small. As the merging of α-and β-process occurs near T c , the two processes are no longer distinct features in this more fluid regime. For strong liquids (lower m), this situation would persist down to the glass transition, consistent with the absence of decoupling and kinetic crossover (κ = 1 [10] ) effects [41, 66] . As suggested by the recent RFOT results regarding the shape of cooperatively rearranging regions (CRR's), fragile liquids require larger and more compact structures of high mobility in order to relax the structure near T g [65] . A possible scenario is that string-like mobility would persist at all temperatures, but several (perhaps five, see [65] ) need to be activated cooperatively to promote the final decay of structural correlation [67] . An energy landscape perspective of such an α-β-hierarchy for metallic cases has been provided recently [28] . For metallic systems, this concept of heterogeneous and cooperative dynamics is applied also to the glassy state, where shear transformation zones (STZ) are considered the origin of plastic deformation in solid amorphous alloys [68, 69] . The idea to be tested further is that these string-like shapes of increased translational mobility are responsible for enhanced diffusivity and related to the JG type slow β-relaxation.
The characteristics of a JG process are the symmetric and broad susceptibilities, usually well described by Cole-Cole type relaxation functions. The observation in terms of a separate loss peak is usually limited to the T < T g range, where the temperature dependence follows an Arrhenius behaviour that merges (by extrapolation) with the α-peak at the crossover temperature [70] . In cases where the β-peak can be detected above T g , its peak relaxation time departs from Arrhenius behaviour and gradually approaches the α-peak until a distinction is no longer possible [71] - [73] . The JG process is subject to heterogeneous dynamics [74] , is dynamically correlated with the α-process [75] , and involves all molecules [76, 77] . Usually assessed in terms of dielectric relaxation, the amplitude of the JG peak is typically much smaller than that of the primary response, and in many cases no separate loss peak is observed. Plastic crystals display the typical excess loss in the high frequency wing, and pronounced additional secondary processes are seen only in the glassy state below T g , not in the typical α-β-merging regime [78] .
What are the consequences of associating the JG secondary relaxation and enhanced translational diffusion with fast string-like motion? In such concerted mobility, translational displacement is highly effective, as argued already by Stillinger and Hodgdon [42] . The merging with the primary response at T c , however, limits any significant enhancement for the diffusivity to the T < T g range. The picture is intrinsically that of a heterogeneous nature for the JG process, and likely consistent with the τ α -τ β correlation observed by Böhmer and co-workers [75] . How much faster τ β is relative to τ α scales with fragility, in agreement with enhanced diffusivity being significant only for fragile liquids with large m [60, 79] . Similarly, the JG relaxation time can also be calculated from the coupling parameter n = 1 − β [79] . This approach is consistent with plastic crystals not displaying pronounced JG processes and the α-β-merging scenario, because translational motion is arrested or limited to crystal imperfections [78] . As observed systematically [40] , even slightly larger probes (compared with self-diffusion) will not be able to participate in the mobility of such a string, which results in probe diffusion being coupled to the viscous flow whenever the probe size exceeds the dimensions of the liquid constituents. A further interesting parallel is the persistence of the secondary process in the glassy state below T g [70] - [72] and residual heterogeneous mobility in terms of string-motion [55] - [57] or STZ's [68, 69] , in metallic glasses.
The observations of the JG relaxation are based almost exclusively upon dielectric relaxation experiments, which are sensitive to the reorientation of dipoles with very small angular displacements [80] , but not to their translational motion. The case of maltitol demonstrates that the JG relaxation affects the shear modulus G much less compared with the dielectric permittivity ε [81, 82] . The translational aspect of enhanced mobility within strings does not contradict the dielectric activity of these modes, because simultaneous angular motion of a few degrees is not excluded and the cooperative topologies are never perfectly linear, because this case is limited to crystalline structures. The more translational nature of this motion could actually explain the otherwise unpredictable span of amplitudes found for the JG process, ranging unsystematically from nearly as intense as the primary relaxation to practically zero. The low sensitivity of the mechanical modulus to this motion is considered a result of its localized nature. Enhanced diffusion D(T ) [38] and the relaxation times τ β (T ) of the JG process have both been measured for the molecular glass former OTP. Relative to the primary relaxation time τ α , the time scale of the β-peak τ β (T g ) is 6 decades shorter [71] while the enhanced diffusion in terms of Dτ/(Dτ) DSE is only 2.3 decades faster. Such a difference is expected because diffusivity scales with the average time constant of the velocity autocorrelation function via
If the JG peak is viewed as the signature of enhanced diffusion, the average value of τ vv would be much longer than the peak value τ β , because the Cole-Cole distribution used to fit the secondary loss profile does not possess a converging first moment. The positions and shapes of the α-and β-susceptibilities relative to the diffusivity at T g are included in figure 1 . Fragile liquids display pronounced changes in their dynamics at a temperature T B ≈ T c , the extent of which can be gauged by κ = B hi /B lo , where the parameters B are derived from distinct VFT fits using equation (2) in the T < T B and T > T B ranges [10] . In the picture investigated here, diffusivity and the β-process as indicators of string-like mobility would show the more continuous temperature dependence through T B , while the α-process along with viscous flow depart from this fundamental mode towards longer times because an increased cooperative length scale of the α-relaxation demands more than a single string to be activated. The more fragile the system, the more cooperative string volume would be required in order to relax the structural correlator to zero. In strong systems such as network glass-formers, any motion is possible once a string is free, whereas in fragile systems like polymers, string motion or reptation leaves the immediate environment unchanged. Therefore, this idea establishes a correlation between fragility and the anisotropy of the interactions.
The JG relaxation displays aging in the glassy state [71] and its amplitude at T < T g increases when higher quench rates are applied [83] . It is easy to imagine that glasses prepared by fast quenches at very high cooling rates require less cooperativity for structural relaxation, because packing is less dense or, equivalently, the system is trapped in a higher energy state of the landscape. While annealed glasses age on the time scale of the α-relaxation, freshly quenched glasses could undergo an irreversible structural change on the time scale of the secondary relaxation and thus well below T g . This is consistent with the aging phenomena observed for freshly quenched metallic glasses, where a significant drop of the mechanical shear modulus G is seen as the temperature is increased for the first time [84].
Summary
Metallic glass-forming materials have been compared with their molecular and polymeric counterparts with respect to the dynamics in the liquid, supercooled, and glassy states. While many common features such as non-Arrhenius and non-exponential behaviour are well established, this study focuses on the diffusivity and its deviation from the SE relation in the different classes of viscous materials. Common to the metallic alloys and organic compounds are the validity of SE laws for T > T c , whereas increasing deviations are observed in the more viscous regime near T g , similar to the so-called fractional SE behaviour, D ∝ η ξ with ξ ≈ 0.75. In an attempt to find a unifying view of the phenomenologically similar diffusion processes for metallic and molecular systems between T g and T c , we suggest interpreting the JohariGoldstein secondary relaxation or slow β process as the signature of cooperative diffusive motion with string-like topology and with substantial dispersions regarding length scales, shapes and dynamics. Due to its localized and heterogeneous nature, this process provides an effective path for translational diffusion but remains insufficient for relaxing the structure or facilitating viscous flow of fragile systems well below T c . While no experimental proof or quantitative test is presently available, this approach is consistent with the observations related to the JG process and its signature in dielectric relaxation experiments and with the enhanced translational self (or probe) diffusion in fragile liquids below T c for metallic, molecular and polymeric systems. The stringy nature of these fast dynamics implies a reversion to SE type behaviour of tracer diffusion in the case of probes slightly exceeding the size of the liquid constituents. Qualitatively, a link is established between the experimental results concerning the JG secondary process and enhanced translational diffusion, the simulation results for string-like motion in binary Lennard-Jones liquids (if extrapolated to lower temperatures), metallic liquids and glassy alloys, and with the STZ approach to plastic deformation and yield stress in amorphous metallic glasses.
